An accurate grasp of the influence of precipitation and temperature changes on the variation in both the magnitude and temporal patterns of runoff is crucial to the prevention of floods and droughts.
INTRODUCTION
In recent years, a broad consensus has developed that the global hydrological cycle will be affected by future global climate change (Bates et However, to date, most of these studies are aimed at the average temperature (Chang & Jung ) . Only a few works discuss the runoff sensitivities to changes in meteorological elements associated with the CMIP5 models of various global climate change scenarios, which may not be sufficient for reliable estimates of the influence of temperature on runoff. Runoff in the hydrological system is affected by the change in average temperature. In addition, the susceptibility of runoff to the maximum and minimum temperatures accounted for a fairly large proportion of impacts, especially in areas of high altitude and large temperature differences (Zhang et al. ) . The scientific programs behind this work are in accordance with the traditional hydro-meteorological observations as well as global climate models, together with climate change and the physically based hydrological model. The goal of this study is to objectively and comprehensively investigate the sensitivity of runoff to precipitation and temperature changes by separating the possible impacts of meteorological elements under the different climate change scenarios.
Under the condition of global warming, temperatures in high-altitude areas increase considerably more than temperatures in low altitude areas. This scenario exacerbates climate change-related problems in the region (Li et al. b) . The Tibetan Plateau, a sensitive and vulnerable region to climate warming, is the world's highest plateau.
Recently, the rate of temperature rise over the Tibetan Plateau, which has a cold plateau climate, has been much higher than that of the surrounding areas (Zhou & Huang ) . This region is also called the 'water tower of Asia'.
As the origin of many rivers in Asia, the Tibetan Plateau has the headwaters of several world-class rivers, such as the Indus River in South Asia; the Brahmaputra River, the Salween River, and the Mekong River in Southeast Asia; and the Yangtze River and the Yellow River in China.
In this study, the source region of the Yellow River (SRYR) is taken as the case study area. It is located in the northeastern Tibetan Plateau and covers only 15% of the whole Yellow River basin but contributes to more than one-third of the total runoff. In recent years, climate changes have taken place in the Yellow River Basin, which are expected to continue in the future, inevitably leading to the appearance of progressive complex changes in the water resources of the region (Gao et al. ; Ren et al. ; Qin et al. ) . Most of the previous works focused on analyzing the hydrological process under changes in the climate and land use, but few of them attempted to investigate the runoff sensitivity under the different climatechange scenarios.
Therefore, this paper seeks to address the aforementioned issues by pursuing the following objectives: (1) to investigate the hydrological response to future climate change by using the Variable Infiltration Capacity (VIC) model; (2) to quantitatively assess the sensitivities of runoff to precipitation and temperature changes under different climate scenarios by using a set of simulations with the control variable method, based on identifying the separate and interacting effects of changes in precipitation and temperature on runoff to find the most sensitive elements and seasons that influence runoff; and (3) to conduct a study on the influence of external climatic conditions on the degree of runoff sensitivities to precipitation and temperature changes, with a quantification of the range in variation.
STUDY REGION AND DATA

Study region
The study region SRYR is located in the northeast Tibetan , with the Tangnaihai hydrological station as the control outlet of the basin. The region is located in central Eurasia and has a cold plateau climate ( Figure 1 ). The region has an obvious northwestsoutheast inclined terrain, with most of the area at an altitude of 3,000 m above sea level, and a large temperature Nash-Sutcliffe efficiency (N S ):
METHODS AND MODELS
Relative error ratio (E r ):
Correlation coefficient (R):
where Q nat,i ¼ natural runoff; Q sim,I ¼ simulated runoff;
Q nat ¼ mean of natural runoff; Q sim ¼ mean of simulated runoff; n ¼ simulating length.
Downscaling global circulation model outputs
GCMs are generally not appropriate for finer-scale impact modelling because of their low spatial resolution and the greater uncertainty in their outputs at fine temporal resolution. To date, the delta method is the most commonly used method of transmission. Due to the characteristics of simple operation, which inserts the anomalies of GCM cell centroids and is applied to a baseline climate given by a high-resolution surface, the delta method has been the most popular approach (Ivanov & Kotlarski ) . In this method, two time series (1966-2005 and 2011-2050) of the predictor variables were extracted from the three GCMs for the grid box. In this paper, the delta change method is used to downscale precipitation (P), and maximum and minimum temperature (T max and T min ):
where P future (x, t) and T future (x, t) are the downscaled P and T for the grid containing a location x and at time t, P station (x, t) and T station (x, t) represent the simulated monthly mean precipitation for the grid containing a location x and at time t, P Ghistory
are the monthly data means from the grid, taken over the fitting period from the GCMs.
Control variable method and simulation schemes settings
The use of the control variables method in this paper is intended to address the following requirements: (1) to judge whether the effect on a variable by an independent variable is direct and determine if the independent variable has a causal effect on the dependent variable; (2) to judge the degree of those effects if several independent variables all have causal effects on the dependent variable; and (3) to judge whether the relationship between variables changes under differing conditions (Smelser & Baltes ; Pedhazur & Schmelkin ). In this paper, the independent variables were P, T min and T max , and the dependent variable was R.
We used the control variable method to create a set of contrasting simulations according to the possible combinations of un-scaled or scaled meteorological elements, which would be available for a follow-up study. Qualitatively, the greater the deviation in the separate effect schemes (using either the T min , T max or P effect:
scheme IV, III, II, respectively) following the initial simulation (scheme I), the greater the influence of meteorological elements on the runoff. In other words, the runoff is more sensitive to the meteorological elements.
The closer the scheme results follow the full simulation (scheme VIII), the higher the contribution of the meteorological elements of the scheme. In contrast, the lack of meteorological elements in a scheme produces a lesser effect on the runoff.
The sensitivity of runoff to precipitation and temperature changes under the different climate-change scenarios can be expressed as the changes in runoff simulation for each scheme in a 40-year time series by using the VIC model, which can be estimated as:
where ε i represents the sensitivity coefficients of runoff to
elements under the different climate-change scenarios. ΔR i denotes the runoff changes due to the scheme i influencing factor. R I and R i denotes the simulation of runoff under scheme I and scheme i, respectively.
RESULTS AND DISCUSSION
Calibration and validation 
Climate model regional applicability
The verification results show that three GCMs can pretty well simulate the large-scale characteristics of temperature (see Figure 3 ). In addition, the values of the coefficient of Spatial distribution characteristics and winter, the spatial variability of the runoff yield is more obvious than that of precipitation.
Precipitation changes
Our results demonstrate that the evaluated climate change projections of precipitation clearly differ from the GCMs or scenarios. Even where the models agree on the direction of precipitation change, there are considerable differences in magnitude. Compared to two other GCMs, on the basis of the absolute value of regional precipitation changes in the peak and valley of each season, the BCC-CSM1.1 model has the smallest peak-valley difference and therefore has less regional differences. In addition, the difference between present and future precipitation projected by BCC-CSM1.1 was significantly smaller than that projected in absolute numbers by MIROC-ESM and MIROC-ESM-CHEM. The ensemble mean changes (the average of all GCMs) in average annual precipitation are þ8.7% for RCP4.5 and þ9.7%
for RCP8.5 at the control area of the Maqu station and þ7.0% for RCP4.5 and þ7.7% for RCP8.5 at the control area of the Tangnaihai station. In this significantly waterscarce basin, projected increasing precipitation may help to both mitigate the harm caused by continuous droughts and have a positive effect on the social ecosystem.
Our results also indicate that climate change projections of precipitation vary distinctly with region and season (see a significant increase in P for the whole study region. In summer, precipitation increases in the study area in BCC-CSM1.1, but the other two models have a negative P change signal from the northern region. For autumn, all model results show an increase in P for almost the whole study region, apart from some areas that have so much rainfall that they probably appear in the negative P change signal from the southern region.
Maximum and minimum temperatures changes
Temperature has a much higher degree of consistency in its spatial pattern trends than precipitation. All GCM model results show a temperature increase in all seasons throughout the year, but there were obvious changes in the magnitude of the variation in different seasons using the same GCM and using different GCMs for the same season. Moreover, for all models, the temperature increase in the RCP8.5 scenario is greater than that in the RCP4. The relative changes in seasonally climatic variables were studied from spring to winter (Figure 8) . Generally, almost all model temperature variation points are below the diagonal, which means the increase in the minimum temperature is higher than that of the maximum temperature. This result is consistent with the previous discussion. For precipitation and runoff, the rate of change in precipitation is higher than the rate of change in runoff in autumn and winter, as the situation is more complicated in spring and summer. The range of variability for precipitation and runoff in spring is much broader than in other seasons and is more concentrated in summer and autumn.
Runoff sensitivity to precipitation and temperature changes
Simulation schemes results
This section assesses the sensitivity of runoff to precipitation and temperature changes under the different climate change scenarios and identifies the separate and interacting effects of changes in meteorological elements of runoff. Simulation results are shown for each scheme in a 40-year time series of simulated daily runoff using the VIC model (Table 3) .
To ensure that the assessment is hierarchical and comparable, the scheme established in this article proposes to classify the assessment into separate element effects and to combine these element effects according to their different purposes. Figure 9 shows the differences in the annual cycles of runoff between the periods 2011-2050 and 1966-2005 , as projected by the separate meteorological element effect schemes, as well as by the full simulation of all three of the T min , T max and P effects at selected stations.
The separate effects of changes in meteorological elements on runoff studies), with a 23% degree of influence relative to baseline period runoff, followed by the effects of maximum temperatures (approaching 12%) and minimum temperatures (approaching 3%). The T max effect outclasses the T min effect, despite the fact that the increase in the T min magnitude is probably greater than that of T max .
Taking the effect of P as an example, the seasonal differences in the climate scenarios are analysed. In spring, the P effect of MIROC-ESM has the maximum amplification rate;
In contrast, in summer and winter, it is the P effect of MIROC-ESM-CHEM. For autumn, the differences among the amplitudes of the P effect in all scenarios are slight. In the BCC-CSM1.1 model, the P effect determines the runoff change more significantly from July to September. In the remaining two models, MIROC-ESM and MIROC-ESM-CHEM, the P effect is more significant in determining the runoff change from April to June and from May to July, respectively. However, in summer and autumn, the meteorological effects at the Tangnaihai station are greater than those at the Maqu in the annual cycle of runoff (R) at the stations resulting from the change schemes of meteorological elements.
As an example of this type of analysis, Figure 11 is the result of the BCC-CSM1.1 RCP4.5 scenarios. An analysis of the P effect under different external environmental conditions shows that: (1) with the T min changes, all seasons except summer exhibit a slight decrease in the P effect in comparison with the historical condition; (2) with the T max changes, all seasons except spring exhibit a significantly decreased P effect, and the range of the decrease for the Maqu station is far higher than that for the Tangnaihai station; (3) with the T max and T min changes, it can be seen that all seasons have decreased to the lowest P effect; and (4) the gap in the P effect between the stations differs Compared with the other seasons, in the spring, the P effect is very different and even appears to grow under the condition of T max .
The results of the analysis of the T max effect under different external environment conditions show that:
(1) compared with the P and T min effects, the T max effect of the regional external environment fluctuated greatly; Yuan et al. ). Although three GCMs and two emission scenarios were used in this study, other uncertainties were not taken into account. Therefore, a comprehensive analysis of the uncertainty effects in hydrological simulation will be emphasized in further research.
